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Shape transformations of amphiphilic molecular assemblies induced by chemical reaction are
studied using coarse-grained molecular simulations. A binding reaction between hydrophilic and
hydrophobic molecules is considered. It is found that the reaction induces transformation of an oil
droplet to a tubular vesicle via bicelles and vesicles with discoidal arms. The discoidal arms close
into vesicles, which are subsequently fused into the tubular vesicle. Under the chemical reaction, the
bicelle-to-vesicle transition occurs at smaller sizes than in the absence of the hydrophobic molecules.
It is revealed that the enhancement of this transition is due to embedded hydrophobic particles that
reduce the membrane bending rigidity.
I. INTRODUCTION
Amphiphilic molecules in an aqueous solution sponta-
neously aggregate into various structures [1]. Depend-
ing on the molecular structure, different self-assembled
structures appear, e.g., spherical and worm-like micelles,
vesicles, bicontinuous structures, etc. In particular, the
morphology of vesicles attracts the attention of many re-
searchers, as this is the simplest model of a cell mem-
brane. Bilayer vesicles exhibit various shapes, e.g., dis-
cocyte (red-blood-cell shape), single and double stoma-
tocytes, tubulation, pearl-necklace shapes, and so on [2–
6]. Thus, static vesicle shapes have been well explored.
In living cells, however, membrane sizes are dynamically
changed by the moments of the fusion and fission of
small vesicles. The lipid composition of biomembranes
varies depending on the organelle and cell type, and the
asymmetric distribution of the lipids between inner and
outer leaflets can yield a spontaneous membrane curva-
ture. These compositions are controlled by metabolic re-
actions on Golgi apparatus and lipid droplets [7, 8], and
by vesicular transport in cells. However, the evolution
dynamics of lipid droplets on endoplasmic reticulum and
the control of their sizes and shapes are not understood
so far.
Recently, the shape evolution of vesicles and micelles
induced by chemical reactions has been experimentally
observed [9–11]. In experiments conducted by Toyota
et al. [10], amphiphilic molecules were divided into hy-
drophobic and hydrophilic molecules by hydrolysis. It
was found that the resultant hydrophobic molecules in-
duce a decrease in the spontaneous curvature of am-
phiphilic molecular assemblies, leading to various shape
changes. Initially, these amphiphilic molecules aggre-
gate into a spherical micelle structure. As the chem-
ical reaction progresses, this subsequently transforms
into a tubular micelle, spherical vesicle, tubular vesi-
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cle, stomatocyte, and nested vesicle. Finally, the am-
phiphilic molecules form oil droplets. Through this re-
action, a nanometer order structure (micelles) surpris-
ingly changes to micrometer order structure (vesicles and
droplets). This chemical reaction progresses slowly com-
pared to vesicle shape deformation.
In experiments conducted by Takakura et al. [11], hy-
drophobic and hydrophilic molecules are bound into am-
phiphilic molecules by dehydro-condensation. Initially,
hydrophobic molecules are formed in an oil droplet in wa-
ter. The chemical reaction occurs on the droplet surface
and decreases the surface tension. Consequently, vari-
ous complex structures (e.g., multiple vesicles connected
together by narrow necks) are observed. Using this chem-
ical reaction, Takakura produced a self-reproducing sys-
tem, in which new vesicles (daughter vesicles) are pro-
duced from oil droplets in the vesicles (mother vesicles).
Self-reproduction is one of the main functions of proto-
cells [12–14], and understanding the detailed mechanism
of shape transformation induced by chemical reactions is
important to improving self-reproduction control.
Although various shape deformations induced by
chemical reactions are observed in vitro and in vivo, their
mechanisms are not understood so far. The aim of this
study is to clarify the shape transformation of the bind-
ing reaction to form amphiphilic molecules using coarse-
grained molecular simulations. The lengths and time
scales of all-atom simulations are still limited and, in
order to simulate large-scale dynamics, various coarse-
grained molecules are developed [15–17]. In comparison
with thermal equilibrium states, non-equilibrium dynam-
ics including chemical reactions have been explored to a
much lesser extent. Here, we propose a simple binding re-
action model between one hydrophilic and one hydropho-
bic particle to form an amphiphilic molecule. We show
how this reaction modifies the membrane properties and
induces morphological changes.
In Section II, our simulation model is described while,
in Section III, the shape transformation induced by chem-
ical reaction is explained. Section IV presents the effects
of hydrophobic particles embedded in the bilayer mem-
2brane and Section V contains the summary and discus-
sion.
II. SIMULATION MODEL AND METHOD
A. Dissipative Particle Dynamics
Dissipative Particle Dynamics (DPD) is a coarse-
grained molecular simulation method to take into ac-
count hydrodynamic interactions [18–20]. The DPD
method is applied to complex fluids such as amphiphilic
molecules [15, 21–30] and polymers [20, 31–33]. In this
method, several atoms are coarse-grained into one DPD
particle, so long-term simulation can be performed com-
pared to atomic-scale molecular dynamics.
In the DPD method, time evolutions are described
using Newton’s equation of motion with a pairwise
Langevin thermostat, such that
dri
dt
= vi, m
dvi
dt
= fi, (1)
fi = Σj 6=i(F
C
ij + F
D
ij + F
R
ij ).
The conservative force, FCij , is given by
FCij = aij(1 − rij/σ)Θ(1 − rij/σ)rˆij , (2)
where aij is the maximum repulsive force strength, σ is
the cut-off length, rij = ri− rj, and rˆij = rij/|rij |. The
unit step function, Θ(x), is defined as
Θ(x) =
{
1 (x < 0),
0 (otherwise).
(3)
The dissipation force, FDij , is given by
FDij = −γijωD(rij)(rˆij · vij)Θ(1− rij/σ)rˆij , (4)
where vij = vi−vj , γij is a friction parameter and ωD(r)
is a weight function. The random force, FRij , is given by
FRij = σijω
R(rij)ζij(t)Θ(1− rij/σ)rˆij , (5)
where σij is noise strength and ζij(t) is a Gaussian ran-
dom number with the following properties:
〈ζij(t)〉 = 0, (6)
〈ζij(t)ζkl(t′)〉 = 2(δikδjl + δilδjk)δ(t− t′). (7)
To satisfy the fluctuation dissipation theorem, γij , σij ,
ωD(r), and ωR(r) should be related via [19, 20]
σ2ij [ω
R(r)]2 = γijkBTω
D(r). (8)
We choose ωD(r) = [ωR(r)]2 = (1− r/σ)2.
In the DPD method, the random and dissipation forces
act as pairwise forces. Since the action-reaction law is
satisfied for each particle pair, the momentum conserva-
tion law is satisfied. Thus, the hydrodynamic interac-
tions are taken into account.
B. Molecular Model
In this paper, W, H, and T denote a coarse-grained wa-
ter, hydrophilic, and hydrophobic particle, respectively.
For simplicity, the amphiphilic molecule is modeled by
two soft particles connected by a spring force, such that
FBij = C(1− rij/rb)rˆij , (9)
where C is the bond strength and rb is the bond length.
We set C = 480kBT/σ and rb = σ. In order to form a
bilayer membrane and an oil droplet, aij and γij are set
as shown in Table I.
TABLE I. Interaction parameters aij and γij with units
kBT/σ and
√
mkBT/σ, respectively.
Bead pair aij γij
WW 100 72
HH 100 72
TT 100 72
WH 100 72
WT 300 288
HT 200 144
The equations of motion are discretized by the modi-
fied Verlet algorithm [20], such that
ri(t+∆t) = ri(t) + vi(t)∆t+
∆t2
2m
fi(t), (10)
v˜i(t+∆t) = vi(t) +
λ∆t
m
fi(t), (11)
fi(t+∆t) = fi(ri(t+∆t), v˜i(t+∆t)), (12)
vi(t+∆t) = vi(t) +
∆t
2m
(fi(t) + fi(t+∆t)). (13)
Note that a large time step yields artifacts in DPD sim-
ulations [34]. To avoid the emergence of such artifacts,
the time step, ∆t, is set to 0.005σ
√
m/kBT . The fac-
tor, λ, is often set to 0.65 in DPD simulations [20]. We
compared the temperature difference between λ = 0.5
and λ = 0.65, but no apparent difference was detected
between these values for ∆t = 0.005σ
√
m/kBT . In both
settings, the deviations of the configurational and kinetic
temperatures from the specified value are less than 0.5%.
Thus, λ is set to 0.5 in this study. The DPD program is
originally implemented using CUDA [35] .
All simulations are performed in the NV T ensemble
(constant particle number, N , volume, V , and tempera-
ture, T ) with the periodic boundary condition. The total
number of particles is N = NH + NT + NW, while the
number density ρ of all particles is fixed as ρ = 3σ−3. We
use reduced units with σ as the unit of length, kBT as the
unit of energy, and τ as the unit of time, where τ = σ2/D
with the diffusion constant, D = 0.082σ
√
kBT/m, of W
particles. The viscosity, η, of the W particle fluids is
obtained as ησ2/
√
mkBT = 4.0 ± 0.1 from the stress
calculation in simple shear flow [36]. Thus, our simu-
lation condition yields a high Schmidt number for the
3DPD particles: Sc = η/mρD = 16. Since the momen-
tum propagates significantly more rapidly than the mass,
hydrodynamic interactions are taken into account in the
diffusion of the DPD particles. As the typical lengths of
lipids and other amphiphilic molecules is 1–3 nm, we can
consider to be σ ∼ 1 nm. Thus, the simulation time unit
is estimated as τ ∼ 0.6 ns in water (η = 0.8 mPa·s) at
room temperature.
C. Membrane Properties in the Absence of
Hydrophobic Molecules
1. Bending Rigidity.
The amphiphilic molecules, consisting of one hy-
drophilic (H) and one hydrophobic (T) particle, self-
assemble into a fluid bilayer membrane in water. We
estimate the bending rigidity, κ, of the membrane from
the thermal fluctuations of a flat membrane [15, 37, 38].
Using Monge parameterization, the membrane shape is
described by the membrane height, h(x, y), above the xy
plane. According to the equipartition theorem, the ther-
mal fluctuations of the membrane and κ are related via
the equation [39]
〈|h(q)|2〉 = kBT
γ|q|2 + κ|q|4 , (14)
where γ is the surface tension of the membrane. The
Fourier mode, h(q), of h(x, y) is given by
h(q) =
1√
A
∫
h(x, y) exp(−iq · r)dxdy, (15)
where A is the membrane area. We estimate κ from
eqn (14) for a tensionless membrane (γ = 0). The size
of the simulation box is set to 32σ × 32σ × 32σ. For
the tensionless membrane, the number of amphiphiles,
Namp, is 4700 and the area per amphiphile is 0.4357σ
2.
The bending rigidity is obtained as κ = 18.0± 0.3kBT .
2. Edge Line Tension.
We estimate the line tension, Γ, of the membrane edge
from a membrane strip. The line tension is calculated
from [40, 41]
Γ = 〈Pxx + Pzz
2
− Pyy〉LzLx
2
, (16)
with
Pαα =
1
V
(
NkBT +
∑
i>j
(αi − αj)FCijα
)
, (17)
where α ∈ x, y, z, FCijα is the α component of FCij , and
Lα is the simulation box length along the α axis. The
strip is along the y axis and the edge line length is 2Ly.
We estimate Γ for several line lengths, Ly/σ, from 17 to
21, at Lz = Lx = 32σ and Namp = 1000, and take the
average for different values of Ly. The line tension is
obtained as Γ = 6.1± 0.2kBT/σ.
D. Chemical Reaction Model
In this paper, we consider only a binding chemical re-
action between hydrophilic and hydrophobic molecules
forming an amphiphilic molecule, so that the inverse re-
action (bond dissociation) is neglected. The chemical
reaction is phenomenologically introduced as a stochas-
tic process for a neighbor pair of H and T particles. For
the reacted pair, the spring force, eqn (9), is added be-
tween the H and T particles. In each simulation time
step, the binding probability, P (rij), is calculated from
the particle distance, with
P (rij)∆t =


p0Θ(1− rij/σ) exp
[
− r
2
ij
2x20
]
((i, j) = (H,T )
or (T,H)),
0 (otherwise),
(18)
where p0 is the chemical reaction rate and x0 is the chem-
ical reaction length scale. We set p0 = 1 and σ
2/x20 = 20.
Thus, x0 ≃ 0.223σ.
III. SHAPE DEFORMATION INDUCED BY
CHEMICAL REACTION
As an initial condition, hydrophobic particles are cen-
tered in water, as shown in Fig. 1. The hydrophobic par-
ticles form a spherical droplet through hydrophobic inter-
actions. This droplet structure is called an oil droplet in
the following. The hydrophilic particles are dispersed in
water and no amphiphilic molecules initially exist. The
number of hydrophilic, hydrophobic and total particles
are NH = 12403, NT = 6566, and N = 145920, re-
spectively. After equilibrating the system for 4τ steps,
the chemical reaction as described in Section IID is ac-
tivated.
A typical example of shape deformation dynamics is
shown in Fig. 2. The binding reaction occurs on the
surface of an oil droplet. Through this reaction, the sur-
face tension of the oil droplet decreases so that the area
increases. As the chemical reaction progresses, the oil
droplet transforms to a disk micelle called bicelle (see
Fig. 2(a)). Subsequently, the bicelle closes into a vesi-
cle via a bowl-like shape (see Fig. 2(b)). This closing
transition will be discussed later, in Section IV. In this
spherical vesicle, unreacted hydrophobic particles are still
embedded in the bilayer membrane. As the chemical re-
action proceeds, a discoidal arm grows from the vesicle
(see Fig. 2(c)), which then closes to form an additional
vesicle (see Fig. 2(d)). The two vesicles are connected
4FIG. 1. Snapshot of initial state of an oil droplet at NH =
12403, NT = 6566, and N = 145920. The hydrophobic
(green) particles are only shown in the left panel. Hydrophilic
(red) particles are also shown in the right panel. Water par-
ticles are not shown for clarity.
FIG. 2. Sequential snapshots of an amphiphilic molecular
assembly under the binding reaction at NH = 12403, NT =
6566, and N = 145920. The number represent the simulation
time t/τ . Sliced snapshots with water (blue) particles are
shown on the right side.
to a stalk-like structure, which is observed during the
membrane fusion [42–44]. The unreacted hydrophobic
particles are concentrated on the stalk region, and the
two vesicles are fused into a single large tubular vesicle
(see Fig. 2(f)). During this fusion process, the region
connecting two vesicles expands into a flat membrane, as
shown in Fig. 2(e). This fusion pathway is similar to the
stalk-bending (or stalk-leaky) pathway reported in Ref.
[42–44]. In the present system, the stalk expansion is
provoked by the chemical reaction.
To quantify the shape deformation induced by the
chemical reaction, we calculate three quantities: the ra-
dius of gyration, Rg, the surface area, Aamp, of the am-
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FIG. 3. Time development of (a) the radius of gyration, Rg,
(b) area, Aamp, of the amphiphilic molecular assembly, and
(c) chemical reaction ratio, nchem = Namp/NT. The same
data as in Fig. 2 is shown.
phiphilic molecular assembly, and the ratio of chemi-
cally reacted particles, nchem = Namp/NT, as shown
in Fig. 3. The radius of gyration is defined as R2g =∑
i |ri − rG|2 /Nass, where rG and Nass are the center of
mass and number of particles in the amphiphilic molec-
ular assembly, respectively. At t/τ . 1000, Rg increases
and decreases repeatedly, as shown in Fig. 3(a). These
increases and decreases indicate discoidal arm growth
and vesicle closure, respectively.
Aamp is calculated as follows. First, the simulation
box is divided into small cubic boxes with side length σ,
and then the number, namp, of hydrophobic and reacted
hydrophilic particles in each box is counted. Second, the
boxes in which namp ≥ ncut are extracted. Here, the
cut-off number, ncut, is set to 2. Third, the number,
Nwface, of the small box faces that are exposed to water
is counted (namp < ncut). The surface area is estimated
from Aamp = Nwfaceσ
2.
Aamp monotonically increases, as shown in Fig. 3(b).
Since the amphiphilic particles prefer to be on the surface
of the amphiphilic assembly, the increase in Aamp is linear
to an increase in the reaction ratio, nchem. This fact is
clear from comparison between Fig. 3 (b) and Fig. 3 (c).
To further clarify the chemical reaction progression,
we compare the surface areas, Aoil, of the unreacted
hydrophobic particles and the binding reaction rate,
dnchem/dt (see Fig. 4). Aoil is determined using the
same procedure as for Aamp. As shown in Figs. 4 (a)
and (b), there is a positive correlation between the two
quantities. Under the fluctuation of the amphiphilic as-
5sembly, the chemical reaction occurs on the surface of the
oil droplet. Thus, dnchem/dt is roughly proportional to
Aoil.
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FIG. 4. Time development of (a) the area Aoil of unre-
acted hydrophobic particles and (b) the chemical reaction rate
dnchem/dt. The same data in Fig. 2 is shown.
For a larger oil droplet, more vesicles and arms are
produced as intermediate states under the chemical re-
action. We investigate the shape development at four
parameter sets, as summarized in Table II. Four inde-
pendent runs are performed for each condition. In cases
of NH = 13132, NT = 10943, and N = 145920 (bottom
row in Table II), three vesicles are produced from one
oil droplet. In this case, an alternative final shape, that
is, a toroidal shape, can be formed as, shown in Fig. 5.
Whether the final shape is a tubular or toroidal vesicle
depends on the existence of a certain intermediate shape,
as shown in Fig. 5 (a). This intermediate shape is com-
posed of a tubular vesicle and a flat membrane, which is
attached to the side of the tubular vesicle. The tubular
vesicle is bent around the disk. Then, the ends of the
tubular vesicle are fused together, resulting in the for-
mation of the toroidal vesicle (see Figs. 5 (b) and (c)).
This bending process is similar to the bending of the
stalk shown in Fig. 2(e). Thus, the bending around the
neighboring compartment is a type of generic dynamics
for amphiphilic systems.
IV. EFFECTS OF EMBEDDED HYDROPHOBIC
PARTICLES
In the simulations described in Section III, we notice
that the shape transition from bicelle to vesicle is en-
hanced by the chemical reaction. The vesicle is formed
from smaller membranes in comparison to those only con-
TABLE II. Final shapes generated from oil droplets for four
simulation settings. Four independent runs are executed for
each setting. The fourth/fifth row indicate the number of sim-
ulation samples with tubular or toroidal vesicle final shapes.
NH NT N Tubular Toroidal
12403 6566 145920 4 0
11424 8601 134400 3 1
13132 10214 145920 4 0
13132 10943 145920 3 1
FIG. 5. Sequential snapshots of a shape transformation from
an oil droplet into a toroidal vesicle at NH = 13132, NT =
10943, and N = 145920. Sliced views are shown in the middle
and right rows and two sliced sections are perpendicular to
each other. The red, green, and blue arrows indicate the x,
y, and z directions, respectively.
sisting of amphiphilic molecules. Since the transition oc-
curs under non-equilibrium conditions, this enhancement
may be caused by some dynamic effects due to inhomo-
geneity of the reaction and hydrodynamic interactions,
or by changes in the membrane properties due to em-
bedded hydrophobic particles. To clarify whether the
enhancement is caused by dynamic or static effects, we
simulate the bicelle-to-vesicle transition of the membrane
with embedded hydrophobic particles in the absence of
the chemical reaction (Section IVA). It is revealed that
the transition is enhanced by the embedded particles.
Next, we investigate the dependence of the transition on
the membrane properties (Section IVB and IVC) and
conclude that the enhancement is caused by the reduc-
tion of the bending rigidity (Section IVD).
A. Enhancement of Bicelle-to-Vesicle Transition
We use the method proposed by Hu et al. [45] to cal-
culate the free energy barrier between bicelle and vesi-
6cle. This method was originally used for determining the
Gaussian curvature modulus, κ¯. Here, we briefly sum-
marize this method.
For a homogeneous membrane, the shape transition
from bicelle to vesicle is understood by the competition
between the edge-line and bending energies of the mem-
brane [46]. The bicelle has edge energy of 2piRdisΓ and
no bending energy, where Rdis =
√
A/pi is the radius
of the bicelle of the membrane area, A. The vesicle has
bending energy of 8pi(κ + κ¯/2) and no edge energy. An
intermediate shape during the shape transition can be
approximated as a spherical cap around the transition
point [47]. Under this geometrical assumption, the ex-
cess energy, ∆E, of the membrane with respect to the
flat bicelle is given by [45, 46]
∆E(Ω2, ζ) = 4pi(2κ+ κ¯)
[
Ω2 + ζ(
√
1− Ω2 − 1)], (19)
ζ =
ΓRves
2κ+ κ¯
, Ω =
Rves
R
, andRves =
√
A
4pi
, (20)
where 1/R is the curvature of the membrane. The nor-
malized curvature, Ω, is an order parameter: Ω = 0 and 1
for the bicelle and vesicle, respectively. At ζ = 1, the bi-
celle and vesicle have the same energy and, for 0 < ζ < 2,
a free energy barrier exists at 0 < Ω < 1.
The free energy barrier can be determined by collect-
ing samples in which pre-curved membranes change into
open disks or closed vesicles. The probability, P (Ω2),
at which the pre-curved membranes change into closed
vesicles, is derived for the initial Ω as [45]
P (Ω2) =
∫ Ω2
0
dy exp(∆E(y, ζ)/D˜)∫ 1
0
dy exp(∆E(y, ζ)/D˜)
. (21)
By fitting this function to simulation data, D˜ and ζ are
determined. The free energy barrier of eqn (19) is ob-
tained from the value of ζ. We execute 512 independent
runs for each parameter set (Ω, Nemb), and calculate the
free energy barrier between the bicelle and vesicle. In the
simulation, N = 41472, Namp = 1000, and Nemb = 25,
50, 100, 300, and 500 are used.
The P (Ω2) curves at Nemb/Namp = 0 and 0.025 are
well fit by eqn (21) with (ζ, D˜) = (1.49, 0.00147) and
(1.56, 0.00174), respectively (see Fig. 6). As the hy-
drophobic particles are increasingly embedded, P (Ω2) in-
creases. Thus, the free energy barrier is decreased by the
embedded hydrophobic particles. Surprisingly, no bar-
rier exists for Nemb/Namp ≥ 0.1. To clarify the causes of
this decrease in the free energy barrier, we investigate the
dependence of the membrane properties on Nemb/Namp
in the next two subsections.
B. Bending Rigidity
We estimate the bending rigidity, κ, of the membrane
containing hydrophobic particles. Since the area of the
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FIG. 6. Transition probability to a vesicle as a function of Ω2.
The squares represent the simulation data for Nemb/Namp =
0, 0.025, and 0.05. The red and blue solid lines represent fits
by eqn (21) for Nemb/Namp = 0 and 0.025, respectively. At
Nemb/Namp ≥ 0.1, the transition probability becomes unity,
independent of Ω2 (green solid line).
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FIG. 7. Bending rigidity, κ, dependence on Nemb/Namp.
tensionless membrane depends on the fraction of embed-
ded hydrophobic particles, we set the tensionless state by
changing Namp for a fixed value of Nemb. For each zero-
surface-tension state, the method described in Section
II C 1 is applied to calculate κ.
As the embedded hydrophobic particles are added, κ
first decreases and is saturated at Nemb/Namp & 0.15
(see Fig. 7). To explain this dependence, we calculate
two quantities of the bilayer membrane that may cause
the change in the bending rigidity. One is the bilayer
thickness, d, and the other is the orientational order pa-
rameter, S. The orientational order is expressed by
S = 〈3(ni · nz)
2 − 1
2
〉, (22)
where ni is the unit vector of the i-th amphiphilic
molecule from the hydrophobic to hydrophilic particles
and nz is the average normal direction of the membrane,
i.e., the unit vector along the z axis.
7For the homogeneous membrane in the absence of hy-
drophobic molecules, κ has the following relationships
with the orientational order and thickness. The orien-
tational order of the amphiphiles is related to the mem-
brane bending fluctuations according to [48, 49]
〈|n||
q
|2〉 = kBT
κq2
, (23)
where n
||
q = [q · nq]/q, nq is the Fourier transformation
of the amphiphilic orientational vector, n. On the other
hand, the membrane thickness, d, is related to κ via the
equation [50]
κ =
1
48
Y d3, (24)
where Y is the Young modulus. However, the heteroge-
neous membrane with embedded particles may not obey
these relations.
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FIG. 8. Dependence of (a) the orientational order parameter,
S and (b) the membrane thickness, d, on Nemb/Namp.
The dependence of d and S of the embedded mem-
branes on Nemb/Namp are shown in Fig. 8. Following
addition of the hydrophobic particles, d increases and S
decreases. The embedded hydrophobic particles disturb
the orientation of the amphiphiles, and enlarge d. The
decrease in S is saturated at Nemb/Namp & 0.15 but d
shows no saturation.
According to eqn (24), κ increases with increasing d.
However, adding more hydrophobic particles decreases κ
despite the increasing d. This is likely due to the rear-
rangement of the positions of the hydrophobic particles
in the bilayer. In a curved membrane, the embedded hy-
drophobic particles can exist more in the outer (laterally
expanded) leaflet than in the inner leaflet. In contrast,
the change in S is similar to the change in κ. In order to
illustrate this more clearly, we replot κ as a function of
S in Fig. 9. The linear relation between κ and S is clear.
Thus, the reduction of κ by the embedded particles is
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FIG. 9. Bending rigidity, κ, as a function of the orientational
order, S.
 5
 6
 7
 0  0.1  0.2  0.3  0.4  0.5
Γσ
/k
BT
Nemb/Namp
FIG. 10. Edge line tension, Γ, as a function of Nemb/Namp.
mainly caused by the disturbance of the orientation of
the amphiphilic molecules.
C. Edge Line Tension
We estimate the edge line tension, Γ, at Nemb/Namp =
0 to 0.5 (see Fig. 10). At Nemb/Namp . 0.1, Γ is almost
constant. For Nemb/Namp ∈ [0.1, 0.3], Γ increases, while
for Nemb/Namp > 0.3, Γ decreases. At Nemb/Namp > 0.3,
the hydrophobic particles are concentrated at the mem-
brane edge and the membrane forms swollen round edges.
This reduction of the edge curvature would cause a re-
duction in Γ. For Nemb/Namp ∈ [0.1, 0.3], the density
of the hydrophobic particles is not uniform on the mem-
brane edge. Thus, the membrane tends towards a shorter
edge at which the hydrophobic particles can be uniformly
distributed. This tendency likely enhances Γ.
D. Origin of Enhancement Effect
By using the results shown in the previous two sub-
sections, the enhancement effect of the bicelle-to-vesicle
transition is understood by the change in the membrane
8properties. According to the results of Section IVC,
the change in Γ is apparent only for Nemb/Namp ≥ 0.1.
However, the enhancement effect is apparent even for
Nemb/Namp ≃ 0.025, as shown in Fig. 6. Thus, the
line tension is not a relevant parameter for the enhance-
ment. In contrast, the change in κ is apparent for
Nemb/Namp . 0.15.
The ratio, κ¯/κ = −1.06, is obtained from the simu-
lations at Nemb = 0. This is a typical value for lipid
membranes (κ¯/κ ≃ −1) [45]. We assume that κ¯/κ is
independent of Nemb/Namp. At Nemb/Namp ≃ 0.1, the
parameter, ζ ≃ 2.2, is obtained from κ/kBT ≃ 12.4. This
agrees with the results of the transition simulation, i.e.,
that all membranes transform into vesicles, since the free
energy barrier disappears at ζ ≥ 2.
In order to more quantitatively verify this, we compare
two ratios cκ and cζ , which are defined as
cκ =
κ(0)
κ(0.025)
and cζ =
ζ(0.025)
ζ(0)
, (25)
where κ(0) and ζ(0) (κ(0.025) and ζ(0.025)) denote κ and
ζ atNemb/Namp = 0 (0.025), respectively. When κ¯/κ and
Γ are constant, cκ = cζ . In the region of Nemb/Namp ∈
[0, 0.1], κ(Nemb/Namp) can be well fitted by the linear
function, κ(x)/kBT = ax+ b, for (a, b) = (52± 3, 17.5±
0.3). We calculate κ(0.025) using this fit function. It
gives cκ = 1.07±0.03 and cζ = 1.045±0.002, so that they
coincide within the statistical error. Thus, we conclude
that the enhancement of the transition is caused by the
reduction of κ.
The inclusion of molecules such as sterols and pep-
tides modifies the bending rigidity, which also depends
on lipid composition and buffer conditions [51–54]. The
addition of cholesterols was previously believed to in-
crease κ in general [26, 51]. Recently, however, Di-
mova et al. reported that κ is reduced for a sphin-
gomyelin membrane and does not significantly change
for DOPC membranes with increasing cholesterol con-
tent [51, 52]. The reduction of κ was also reported for
the addition of the peptide, FP23, [51] and azithromycin
[53] to DOPC membranes. The inclusion of lidocaine
increases κ, whereas d decreases in the Lα phase of
DMPC/DMPG membranes [54]. Thus, depending on
the embedded molecules, the bicelle-to-vesicle transition
can be enhanced or suppressed. In the present system,
enhancement is obtained but the opposite effect (sup-
pression) can be induced by a different type of inclusion.
However, the effect can be predicted by measuring κ and
Γ as functions of the inclusion density.
V. SUMMARY
We have investigated shape evolutions of amphiphilic
molecular assemblies induced by the binding reaction
between hydrophilic and hydrophobic molecules using
DPD simulations. Various shape transformations such
as bicelle-to-vesicle transition, multiple vesicle formation,
vesicle fusion, and toroidal vesicle formation are exhib-
ited. During the shape changes, the hydrophobic parti-
cles embedded in the membrane modify the membrane
properties and affect the dynamics. In particular, the
reduction of the bending rigidity accelerates the bicelle-
to-vesicle transition.
The extension of discoidal arms from the vesicles and
the closure of additional vesicles are found in our simu-
lations. The formation of multiple vesicles from an oil
droplet has been experimentally observed by Takakua et
al. [11]. We expect that similar arm-extension and clo-
sure processes occurred in their experiment.
In this paper, we consider only a simple binding reac-
tion. The shape dynamics can be changed by reaction
schemes and molecular compositions. The effects of in-
verse and other reactions on the shape evolutions and
its dependence on molecular architecture are important
topics for further investigations.
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